Abstract-A model has been developed which yields the speed and attenuation of acoustic waves as ,a function 01 Irequency in two-phase, one-component media. Nonequilibrium interphase heat, mass. and momentum transfer have been included and are found to be important.
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A problem of interest in the safety studies of high pressure water cooled reactors is that of a reactor blowdown. It is well known that, in single-phase media. such as perfect gases, the critical flow rate is related to the sonic velocity [2] . It has been suggested that critical flow in a two-phase medium corresponds to a stationary pressure pulse [3] . Models developed for singlecomponent, two-phase media have generally included experimentally based correlations, particularly todescribenon-equilibriummomentum transfer [4, 51. Most of these models require prior knowledge of the slip between the phases [3] . A model predicting the propagation of acoustic waves in two-phase mixtures should be of use in determining the proper manner to include nonequilibrium interphase effects in a critical flow model. thermal equilibrium would be valid, Karplus also measured the speed of large amplitude waves and compared these data to a sound speed model which assumed equilibrium heat and momentum transfer between the phases, but no mass transfer. In general, the measured leadingedge wave velocities were considerably larger than those predicted by the theory.
Other experimenters have also measured the speeds of iarge amplitude pressure waves in two-phase, single-component media. An excellent summary of experimental results is given by Henry 191 .
Predictions of the propagation speed of waves have generally been limited to models predicting the leading edge velocity of large amplitude waves. Fauske [lo] developed a model using fitting parameters to analyse bubbly steam-water data. Henry [9] calculated the leading edge velocity as a function of void fraction using a correlation to account for the change in bubble shape with void fraction.
None of the models mentioned investigate the variation of either sound speed or attenuation with frequency in two-phase media. Marble has developed a model which predicts the attenuation of acoustic waves as a function of frequency in a condensing vapor fog [ 11, 121. The model predicts the sound speed only in certain limiting cases and assumes that the volume occupied by the liquid is negligible.
In an earlier paper by the authors [13] , the speed and attenuation of acoustic waves in bubbly two-component (e.g. ait--water) media were determined, where the only nonequilibrium effect accounted for was interphase heat transfer. The model has been extended to include nonequilibrium heat, mass and momentum transfer between the two phases. The sound speed and attenuation are determined for two limiting flow patterns: vapor bubbles in continuous liquid and liquid droplets in continuous vapor.
CONSERVATION EQUAWIINS
The most critical part of the analysis is the casting of the conservation equations in a form which properly describes the important nonequilibrium effects. The theoretical analysis of gas-solid systems by Soo [14] 
(6)
The assumption has been made that the vapor is ideal, pg = pgRTg, and the liquid incompressible, PI = constant. The equation of state is, therefore :
In considering the conservation equations, one should note the following :
1. The two-phase mixture has been treated as a pseudo single-phase fluid. When considering acoustic wave propagation, this assumption is valid provided the wavelength of the wave is much larger than the characteristic dimensions of the two-phase medium (e.g. the bubble diameter or average distance between bubbles) and provided the frequency of the wave is much less than any resonant frequency associated with the two-phase medium (e.g. for a single bubble, 
The final term in this expression accounts for the effect of the surrounding bubbles on a given bubble.
4. Gg' and Gig are the inverse time constants for interphase heat transfer. Energy lost by one phase through interphase heat transfer must be gained by the other, resulting in the relationship
5. Since the liquid is incompressible, all flow work performed on the mixture must be performed on the vapor phase. This includes work done when phase change takes place.
6. The heat of vaporization required for evaporation is drawn from each phase in proportion to its heat capacity per unit volume of mixture. At high frequencies, the heat drawn from each phase should be related to the thermal diffusivities of the two media, however, in either case, most of the heat required for vapo~zation comes from the liquid.
7. Viscous forces and heat conduction within each phase are assumed small. In studies with two-phase, two component media [ 131, it was found that ignoring these effects resulted in an error in sound speed or attenuation of less than 0.5 per cent. Viscous dissipation is neglected in the energy equations. These terms, if included, vanish when the conservation equations are linearized.
EVALUATION OF NONEQUILXBRIUM TERMS
The frequency dependence of both the sound speed and attenuation depends very strongly on the values of re and f,, the source and sink terms for mass transfer; Fg', the inverse time constant for interphase momentum transfer ; and Gg', the inverse time constant for interphase heat transfer.
Mass transfer
The evaporation and condensation processes must be considered separately because the liquid is evaporating at velocity o1 and temperature TI while the condensation occurs at ug and 7'@. This results in additional interphase heat and momentum transfer. 
and r = 341 -a) P c -.
In the analysis, the evaporation coefficient b, and the condensation coefficient a, are assumed equal, fl,=cc==(T.
The use of one of the more detailed mass transfer models, such as that proposed by Patton and Springer [18] , is not warranted since there is no agreement in the literature as to the values to be used for (T= and cr,. For example, there is some indication that the condensation coefficient decreases with increasing system pressure [ 191. It is also felt that system contamination will reduce the mass transfer coefficients from the values obtained in a "clean" system
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Mo?ne~tu~n transfer
The force exerted on a bubble by the surrounding liquid due to relative motion may be readily calculated for sufficiently small bubbles and for Stokes flow. For bubble radii less than about 03 inches, the bubbles may be treated as solid spheres in the calculation of Fff' [21] . Under these assumptions, the force on the bubble caused by the surrounding liquid moving at velocity U relative to the bubble is [22] :
In a mixture with void fraction a, the force per unit volume of the mixture is found to be
NxF,= (6pnaU) = ia$U (15)
where N is the number of bubbles per unit vofume. This force may also be expressed as apg 2 = apgFgz(q -ue),
Comparing equations (15) If, in the case of bubbly flow, it is assumed that the major resistance to interphase heat transfer is conduction within the vapor phase, the inverse time constant for heat transfer from the liquid to the vapor is found to be frequency dependent and is given by steam-water mixture.
seven homogeneous equations in seven unknowns is obtained ; for a unique solution to exist, the determinant of the coefficient matrix must vanish. For example, in the case of bubbles in continuous liquid, this implies that :
For the case of droplets in continuous vapor, the major resistance to interphase heat transfer (2), (3a), (4a), (5), (6) and (7) for bubbles in continuous liquid or equations (l), (2X (3b), (4b), (5), (6) and (7) 
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A similar determinant is obtained for the case of droplets in continuous vapor. Expanding the determinant yields a quadratic equation in k which is solved numerically by means of a Laguerre iteration technique. The two roots are equal but opposite in sign, one corresponding to a wave moving in a positive z direction and the other in the negative direction. The real part of k is then used to obtain the sound speed imaginary part of coefficient.
[k(k) = w/c)], while the k equals 11, the attenuation RESULTS
AND DISCUSSION
The sound speed is shown as a function of frequency for bubbles in continuous liquid in Figs. 2 and 3 , and for droplets in continuous vapor in Figs. 4 and 5. There are several important factors to be noted : 1. In all cases, the low frequency limit of the sound speed is that calculated assuming mechanical and thermal equilibrium in the mixture : (11) and (12)], while the inverse time constants for interphase heat and momentum transfer are proportional to l/a2 [see equations (17) and (18)], equilibrium can be maintained in the mixture at higher frequencies as either r~ increases or a decreases.
The sound speed has been plotted as a function of frequency in Fig. 6 for conditions of interest for nuclear reactor applications. Calculations have been performed at a void fraction of 20 per cent for steam-water mixtures at pressures of 14~7,900 and 2000 psia and for sodium-sodium vapor at 100 psia. As can be seen in Fig. 6 , an increase in pressure causes an increase in sound speed with the high frequency limit behaving as pf [see equation (*la)]. The speed of an acoustic wave in a sodium-sodium vapor mixture at 100 psia and 20 per cent void fraction is seen to increase by a factor of ten from the low to the high frequency limits. Thus, in sodium systems, as well as water systems, frequency dependence must be included when considering wave propagation.
Wave attenuation as a function of frequency is shown for bubbly steam-water mixtures in Fig. 7 and for water droplets in continuous vapor in Fig. 8 . In all cases the attenuation coefficient goes to zero in the low frequency limit where equilibrium is maintained in the two-phase mixture. In the high frequency limit, the attenuation coefficient approaches a constant value. This limiting value tends to increase with increasing void fraction. As seen in Fig. 7 , at moderate void fractions and high frequencies the attenuation can be very strong. For example, at a frequency of 10 kHz and void fraction of 40 per cent, the attenuation coefficient equals 170 ft-'. This means that the wave will attenuate by a factor of "e" in (l/170) ft which is less than one tenth of an inch. As was mentioned in the introduction, measurements of either sound speed or attenuation in single-component mixtures have not been performed. The very large wave attenuations expected certainly make the design of such an experiment more difficult. A comparison of the theory, at least in part, can be made to the experimentally measured wave velocities of large amplitude pressure waves (for a summary of these experimental results, see [9] cases the large amplitude waves were found to broaden as they propagated ; this means that each point on the wave travelled with respect to the fluid at the local sound speed. In addition, since sound speed increases with frequency, it is expected that the leading edge of the wave travelled at the high frequency limit of the sound speed. This conclusion is reached since a finite amplitude wave can be thought of as the superposition of a large number of waves of various frequencies. The high frequency components travel with the highest speeds (see Figs. 2-6 ) and thus form the leading edge of the wave. In Fig. 9 , the theoretical expression for the high frequency limit of the sound speed [equation (21a)] is compared to the bubbly steam-water data of Karplus [8] , while in Fig. 10 mixture must be known. Theoretical curves of sound speed vs. quality are shown in Fig. 10 for slip ratios of 1.0 and 4-O. fn both Fig. 9 and Fig. 10 the agreement between theory and experiment is good.
SUMMARY
in sibyl calculatious have shown that both the sound speed and the sound attenuation are strong functians of frequency in two-phase, single-component (liquid-vapor) mixtures. At high frequencies and low void fractions the attenuation can be extremely large. A comparison with experimental data shows that the leading edges of large amphtude pressure waves travel at the high frequency limit of the sound speed.
